Decline of growth hormone (GH) with aging is associated to memory and cognitive alterations. In this study, the number of neurons in the hilus of the dentate gyrus has been assessed in male and female Wistar rats at 3, 6, 12, 14, 18, 22 and 24 months of age, using the optical fractionator method. Male rats had more neurons than females at all the ages studied. Significant neuronal loss was observed in both sexes between 22 and 24 months of age. In a second experiment, 22 month-old male and female rats were treated for 10 weeks with 2 mg/kg/day of GH or saline. At 24 months of age, animals treated with GH had more neurons in the hilus than animals treated with saline. These findings indicate that GH is neuroprotective in old animals and that its administration may ameliorate neuronal alterations associated to aging.
Introduction
The central nervous system is a target for growth hormone (GH) actions [45] . GH deficiency is associated with sleep disturbances, memory loss, feeling of diminished well being and other cognitive impairments [5, 27, 39, 53] . Memory and cognitive performances of GH-deficient patients are ameliorated by GH replacement therapy [4, 5, 8, 9, 15, 23, 39, 53] . In animal models, GH has been shown to protect the brain and the spinal cord from different forms of neurodegenerative stimuli and promote neuronal survival after hypoxic-ischaemic injury [25, 46, 55, 56] . These neuroprotective effects of GH suggest that decreases in the hormonal levels with age [34] may affect the brain and may contribute to the aging-associated deterioration of brain function [16, 17, 20, 54] .
The hippocampus, a brain region involved in spatial and episodic memory [7] , may significantly contribute to aging-associated decline in cognitive abilities [43, 54] . Although in most brain areas there is no massive neuronal loss with aging [6, 10, 20, 33, 36, 40, 42, [48] [49] [50] [51] 59, 64] , a significant reduction in the number of neurons has been reported in the hilus of the dentate gyrus of the hippocampal formation in aged humans [62] and in 24 month-old Fischer 344 male rats [57] . In the present study we have performed an unbiased stereological analysis to estimate the total number of neurons in the hilus, in male and female Wistar rats of different ages, to confirm the existence of a neuronal loss with age. In a second experiment, we have assessed whether the administration of GH to aged rats affects neuronal content in the hilus.
Methods

Animals
Male and female rats of the Wistar strain were maintained on a 12:12 h dark:light cycle, under controlled tem- perature and humidity conditions. Manipulation of the animals was performed following the European Union Normative (86/609/EEC) and special care was taken to minimize animal suffering and to set the number of animals to the minimum required. The animals were fed a normal rat chow (A.04; Panlab, Barcelona, Spain) and had free access to tap water.
In a first study, to assess the effect of aging on the number of hilar neurons, animals were killed when they were 3, 6, 12, 14, 18, 22 or 24 months old. In a second study, to determine the effect of GH on the number of hilar neurons, 22 monthold animals were treated for 10 weeks with two daily s.c. injections of 1 mg/kg of recombinant human GH (Saizen, Serono, Spain) or saline. Animals were killed at 24 months of age.
Histological procedures
Since other tissue samples from these animals were used for additional biochemical experiments that were incompatible with the treatment with fixatives, conventional perfusion of the fixative through the ascending aorta was not possible. Therefore, we used an immersion fixation protocol that has previously shown to result in a good morphological preservation of rat brain samples [14, 21] . The animals were killed by decapitation, the brain was quickly removed, meninges were detached and the right cerebral hemisphere was trimmed in a block containing the whole hippocampus. The tissue blocks were first immersed for 1 h at room temperature in 4% paraformaldehyde in phosphate buffer 0.1 M, pH 7.4 and then maintained in the same fixative solution for 7 days at 4 • C. After fixation, the tissue blocks were transferred to phosphate buffer 0.1 M, pH 7.4. For each brain, coronal sections (50 m thick) of the entire hippocampus of the right cerebral hemisphere were obtained with a Leica Vibratome (Heidelberg, Germany). Sections were Nissl stained with toluidine blue for morphometric analysis.
Neuronal staining
For the identification of neurons, a set of sections of each animal was immunostained for NeuN, a specific neuronal marker [44] . Free-floating sections were first incubated in 1% hydrogen peroxide, 50% methanol in phosphate buffer saline (PBS) for 10 min, to quench endogenous peroxidase activity. Unspecific binding sites were blocked with 0.25% bovine serum albumin (Sigma) in 0.1 M PB containing 0.3% Triton-X 100. Sections were then rinsed with PBS and incubated overnight with a mouse NeuN monoclonal antibody (1:5.000, Chemicon, Temecula, CA) diluted in PBS with 0.3% bovine serum albumin and 0.3% Triton X-100. Sections were then rinsed in the same medium and incubated for 2 h at room temperature in biotinylated goat antimouse IgG (Pierce, Rockford, IL) diluted 1:250. Immunostaining was amplified with the avidin-biotin system (ImmunoPure ABC Peroxidase Staining Kit, Pierce) for 90 min, and then peroxidase was detected using diaminobenzidine as chromogen.
Morphometric analysis and statistics
The number of Nissl stained neurons in the hilus of the dentate gyrus of the right hippocampal formation was estimated by the optical fractionator method, as described by West et al. [63] and Howard and Reed [29] . The hilar anatomical boundaries were defined according to the description of West et al. [63] . They are clearly defined by the inner edge of the granule cell layer and by the abrupt change in cell density in the transition to the CA3 stratum radiatum and the highly packed CA3 pyramids. Neuronal cell nuclei, identified by the presence of a clear nucleolus ( Fig. 1 ), were counted with optical disectors on every 6th section (300 m apart) throughout the entire antero-posterior extension of the dentate gyrus of the right hippocampal formation, using total section thickness for disector height [26] and counting frames of 55 m × 55 m. The first section of each hippocampal formation and the position of the first counting frame were selected using a random number table. The position of the optical disectors was determined by step-size movements of 0.2 mm in the y-axis and 0.2 mm in the x-axis. Section thickness was measured using a digital length gauge device (HeidenhainMetro MT 12/ND221, Traunreut, Germany) attached to the stage of a Leitz microscope. Post-processing section thickness varied between 14 and 17 m and the mean coefficient of variation (CV) for all the measurements of both experiments was 0.05. Cell nuclei from Nissl-stained neurons that came into focus while focusing down through the disector height were counted. All counts were performed blind. The number of animals studied in each experiment is indicated in the figure legends. At least four rats were studied for each experimental group. The "n" used for statistical analysis was the number of animals. Data were analysed by ANOVA followed by the Duncan test. A level of p < 0.05 was considered to be significant.
Results
Visual inspection of sections immunostained with the specific neuronal marker NeuN revealed an apparent reduction in neuronal content in the hilus of 24 month-old male and female rats compared to younger animals (Fig. 2) . The decrease was also observed in Nissl-stained sections (Fig. 3) . In addition, numerous small cells were observed in the hilus of 22 and 24 month-old rats in Nissl-stained sections (Fig. 3) . The absence of a clear nucleolus and Nissl-stained cytoplasm suggests that the small cells are glial cells. In addition, the small cells were not observed in sections immunostained with the specific neuronal marker NeuN (Fig. 2) .
The reduction in the number of neurons in the hilus of 24 month-old rats was confirmed by the quantitative analysis of Nissl-stained sections. The estimates of the total number of neurons in the hilus are shown in Fig. 4 . As an indication of the precision of the estimates, the inter-animal coefficient of variation (CV) and the mean intra-animal coefficient of error (CE) are presented in Table 1 . The mean ratio CE 2 /CV 2 is 0.21 in females and 0.16 in males, suggesting that the precision of the estimates is adequate for optimal sampling [63] . Fig. 4 . Number of neurons in the hilus of the dentate gyrus of female and male rats at 3, 6, 12, 14, 18, 22 and 24 months of age. Data are means ± S.E.M. The number of animals studied was as follows: females, 3 months, n = 4; 6 months, n = 7; 12 months, n = 6; 14 months, n = 6; 18 months, n = 7; 22 months, n = 6; 24 months, n = 5. Males, 3 months, n = 9; 6 months, n = 7; 12 months, n = 10; 14 months, n = 7; 18 months, n = 7; 22 months, n = 8; 24 months, n = 5. A significant (p < 0.05) decrease in the number of hilar neurons is observed in both sexes at 24 months of age (asterisks) compared to other age groups. Table 5 of reference [63] .
An effect of age on the number of hilar neurons was detected in both female and male rats (ANOVA, F 6/35 = 43.6363, p = 0.0086 and F 6/46 = 3.1789, p = 0.0108 for female and male rats, respectively). The hilus of female rats had a lower neuronal content than the hilus of male rats at all the ages studied (p < 0.01). Within each sex, the number of neurons in the hilus remained at a similar level between 3 and 22 months of age. No significant differences were observed in the number of neurons in the hilus of 3, 6, 12, 14, 18 and 22 month-old male rats (p > 0.2). A similar result was obtained for female rats (p > 0.2). In contrast, there was a significant neuronal loss from 22 to 24 months of age in both sexes (p = 0.0239 and p = 0.0019 for the comparison between 22 and 24 months in females and males, respectively). Neuronal loss was of a similar magnitude in males and females. Between 22 and 24 months of age, female rats showed a mean loss of 10,875 hilar neurons (32%), while in male rats the hilar neuronal loss was of 12,653 cells (25%). Indeed, the analysis of the data with two-factor ANOVA showed that there was no interaction between the factors age and sex (p = 0.9990), indicating that neuronal loss with aging was not affected by the sex of the animals.
Having established that there is a significant neuronal loss in the hilus of male and female rats between 22 and 24 months of age, we then studied whether treatment with GH during this period was able to affect the neuronal loss. GH administration resulted in an apparent reduction in neuronal loss (Figs. 2 and 3 ) between 22 and 24 months.
The estimation of the number of neurons in the hilus of 24 month-old rats, with the optical fractionator method, revealed that the number of hilar neurons was greater in the animals treated with GH than in the animals treated with vehicle (ANOVA, F 3/20 = 7.8719, p = 0.0012) (Fig. 5) . Female rats treated with GH had 157% more hilar neurons than control females (p = 0.0008). Males treated with GH had 144% more neurons in the hilus than control males (p = 0.0047). The number of hilar neurons in 24 month-old rats treated with GH was similar to the number of hilar neurons in 22 month-old rats. Therefore, treatment with GH resulted in a reduction in aged-associated neuronal loss in the hilus. Fig. 5 . Number of neurons in the hilus of the dentate gyrus of 24 month-old male and female rats that were treated with two daily injections of vehicle (n = 6) or growth hormone (GH; n = 6) for 10 weeks. Data are means ± S.E.M. A significant (p < 0.05) increase in the number of hilar neurons is observed in both sexes in animals treated with GH.
Discussion
In this study we have used an unbiased stereological method, the optical fractionator, for the estimation of the total number of neurons in the hilus of the dentate gyrus of the rat hippocampal formation. The presence of a clear nucleolus was established as the criterion to identify neurons from other cells presented in the hilus. Cells that did not show a clear nucleolus, were smaller in size and were not immunostained with the specific neuronal marker NeuN. These small cells, probably corresponding to glia and endothelial cells, were excluded from the quantitative analysis. With this criterion for neuronal identification, our estimates of the total number of neurons in the hilus of male rats resulted in very similar values to those reported in previous studies [61, 63] using the same stereological method. However, there is an important methodological difference. While previous studies kept a guard area at the top and the bottom of the disectors to avoid the impact of lost caps [61, 63] , in our analysis we have used total section thickness for disector height [26] . Interestingly, the close similarity of the data obtained in the previous studies [61, 63] and in our present analysis indicates that both methods lead to similar results, at least in the hippocampal hilus.
Our data indicate that there is a significant sex dimorphism in neuronal content in the hilus, a preservation of neuronal content until 22 months of age and a significant neuronal loss between 22 and 24 months of age in both sexes. The hippocampal formation is a brain area affected by sex steroids and that show sex differences in the morphology of neurons and glial cells, synaptic connectivity and functionality [19, 22, 24, 28, [30] [31] [32] 41, 47, 52, 58, 60, 66, 67] . Sex differences in the number of neurons in the hippocampal formation have been previously described. For instance, the total num-ber of neurons in the subiculum is greater in male rats than in females [1] . Male rats have also more granule cells in the dentate gyrus than females [38] . A similar result has been obtained in different strains of mice [65] . Our present findings indicate that the number of hilar neurons is also sexually dimorphic in the rat, having males more neurons than females. The sex difference is detected in young adult rats and is maintained until 24 months of age. Sex differences in hippocampal structure and function may be a consequence of the perinatal effects of testosterone on male rats [22, 30, 31, 32, 52] . In addition, sex steroids affect the adult hippocampal formation [24, 66] and may protect adult hilar neurons from excitotoxic cell death [2] . Interestingly, our present findings indicate that neuronal survival with aging is similar in both sexes until 22 months of age. In addition, neuronal loss between 22 and 24 months of age was also similar in both sexes. This suggests that neuronal loss with aging is not affected by the different endocrine status of the animals. However, further studies should directly determine whether treatment with sex hormones may exert a protective effect in the hilus from neurodegenerative changes between 22 and 24 months of age. In addition, although aging-associated neuronal loss is similar in both sexes, the functional outcome may be very different, given that females have less neurons than males and considering other sex dimorphic parameters in the hippocampal formation.
An important observation of the present study is that the number of neurons is not affected by aging until 22 months of age. Several studies have shown that there is little or no detectable neuronal loss with aging in different brain structures and different species [6, 10, 20, 33, 36, 40, 42, [48] [49] [50] [51] 59, 64] , indicating that many functional deficits associated to brain aging are probably related to changes in synaptology and neuronal function rather than to changes in the number of neurons. Our data support this notion, since neuronal counts were not significantly different at 3 months of age compared to 22 months, an advanced age for rats. However, between 22 and 24 months of age there was a clear deterioration in the structure of the hilus. Our findings are in agreement with a previous report showing a significant neuronal loss in the hilus of 24 month-old male Fischer 344 rats compared to 12 monthold animals [57] . However, another study on 24 month-old male Wistar rats did not detect neuronal loss in the hippocampal formation compared to young controls [51] . In this latter study, all animals were subjected to behavioural tests and therefore to an increased physical exercise compared to the animals in our study, that were kept in resting conditions in standard laboratory cages. It is tempting to speculate that different housing conditions or environmental parameters, such as environmental enrichment and physical activity [12, 13] , may affect neuronal survival in the hippocampus.
GH is a neuroprotective factor for the brain and spinal cord of young animals [25, 46, 55, 56] and prevents hippocampal neuronal cell loss after unilateral hypoxic-ischaemic brain injury [55] . Our present findings indicate that GH may protect hilar hippocampal neurons from degeneration associated to aging. The stereological estimation of the total number of hilar neurons revealed that 24 month-old rats that were treated with GH had more neurons in the hilus than control animals treated with vehicle. The neuroprotective effect of GH was observed in both sexes.
The mechanisms involved in the neuroprotective effect of GH in the hippocampal formation of old rats remain to be determined. In young animals the neuroprotective effects of GH appear to be mediated, at least in part, by the activation of GH receptors [55] . Furthermore, it is known that GH administration to old rats increases IGF-I expression in the brain [37] , including the hippocampal formation [18] . Since IGF-I is a neuroprotective factor for hilar neurons [3, 11] , the local production of this molecule may mediate neuroprotective effects of GH. In addition, the administration of GH to young animals activates intracellular signaling pathways involved in the promotion of neuronal survival in the hippocampal formation [18] . However, it should be noted that the effects of GH in the hippocampal formation differ between young and old animals [35] and therefore specific studies on the mechanisms of action of GH in aged animals are necessary.
In conclusion, our findings indicate that: (i) there is a significant sex difference in the number of neurons in the hilus of the dentate gyrus of Wistar rats; (ii) there is not significant neuronal loss until 22 months of age; (iii) a significant neuronal loss of similar magnitude occurs in both sexes between 22 and 24 months of age; and (iv) chronic treatment with GH for 10 weeks, between 22 and 24 months of age, prevents neuronal loss in the hilus, in both sexes. These findings indicate that GH may prevent some of the hippocampal alterations associated with aging, giving further support to the notion that GH is a neuroprotective hormone.
